engrams; however, whether there is an underlying logic to granule cell participation has not been 23 examined. Here, we found that a broad range of novel experiences preferentially activates 24 granule cells of the suprapyramidal blade relative to the infrapyramidal blade. Motivated by this, 25
we identified a suprapyramidal-blade-enriched population of granule cells with distinct spatial, 26 morphological, physiological, and developmental properties. Via transcriptomics, we mapped 27 these traits onto a sparse and discrete granule cell subtype that was recruited at a ten-fold greater 28 frequency than expected by subtype prevalence, constituting the majority of all recruited granule 29 cells. Thus, a rare and spatially localized granule cell subtype is intrinsically predisposed to 30 activation during hippocampal memory formation. 31
INTRODUCTION 33
The hippocampus is a brain region critical for episodic memory (Scoville and Milner, 34 1957 hippocampal neuroscience lies in understanding the neurobiological substrates of this diverse 38 functionality. One approach to identifying these substrates is centered around the perspective of 39 cell types: identifying groups of cells that covary in specific properties, and 40 via inference or further experimental assay, mapping such cell types onto functional 41
contributions. 42
Classically, such cell-type divisions have been defined at a relatively broad level -for 43 example, granule cells of the dentate gyrus, and pyramidal cells of regions CA3 and CA1 44 (Ramón y Cajal, 1911). More recently, an accumulation of evidence has emerged that such 45 broadly defined hippocampal cell types can exhibit marked within-cell-type heterogeneity. Such 46 work has largely focused on pyramidal neurons, wherein the long-range projections of these cells 47 allow specific circuits to be experimentally manipulated and interpreted (Berns et In stark contrast to output pyramidal cells, markedly little is known about the subtype-specific 51 decomposition of mature granule cells (GCs) of the dentate gyrus (DG), which form the local 52 input layer of the hippocampus (Scharfman, 2007) . 53
The relative lack of subtype-specific insight into mature GC organization and recruitment 54 is striking, as GCs are a focal point of engram memory research (Bernier et Here, we sought to understand whether functional recruitment of GCs could be 68 interpreted and predicted according to underlying subtype-specific rules. Beginning with activity 69 labeling, we found blade-specific activity differences emerged across a wide range of disparate 70 behavioral paradigms. We registered this functional heterogeneity with underlying differences in 71 GC morphology, physiology, spatial location, and gene expression, and mapped this multimodal 72 heterogeneity onto a discretely separate and rare mature GC subtype. Finally, we show that this 73 subtype is preferentially activated by experiences associated with hippocampal-dependent 74 memory, accounting for 70-80% of recruited GCs despite comprising only 5% of the total GC 75 population. This work leads to the unexpected conclusion that subtype-specific heterogeneity 76 exists and predicts recruitment at the first stage of hippocampal processing. 77
78

RESULTS
79
Behavior preferentially tags suprapyramidal blade granule cells 80
We began by confirming that GCs of the suprapyramidal blade of the DG (i.e., located 81 proximal to stratum lacunosum-moleculare; Fig. 1A In general, tdTomato-labeled cells exhibited morphological properties consistent with 90 excitatory granule cells. For example, labeled cells exhibited apical dendritic trees (Fig. 1C ), and 91 also showed prominent dendritic spines (Supplemental Fig. 1 ). Remarkably, many tdTomato-92 labeled cells also exhibited a cell body at or beyond the interface between the granule cell layer 93 and the inner molecular layer (IML) (e.g., Fig. 1D We next examined whether this blade specificity generalized to other hippocampal-99 associated behavioral paradigms. Similar suprapyramidal blade-specific recruitment was seen 100 following foot shock in a novel environment, introduction of novel objects or odors into the 101 homecage, introduction of a conspecific, and participation in a forced swim test (representative 102 images: Fig. 1E -I; summary data: Fig. 1J ). In total, preferential suprapyramidal blade activation 103 occurred in behaviors evoking memory, spatial navigation, socialization, and stress. 104
105
Tagging is consistent with bona fide activity differences 106
We next performed control experiments to help interpret these previous results. First, we 107 performed negative controls to examine the extent of activity labeling in other settings. Here, we 108 found behaviorally induced labeling was much greater than in saline-control animals and animals 109 receiving 4-OHT in their homecage (see also Guenthner et al., 2013) , as well as animals 110 transferred and handled in behavior room without a subsequent behavioral assay (Supplementary 111 Fig. 2A -E). Next, we performed positive controls to ensure our results generalized across activity 112 detection paradigms. In these experiments, preferential suprapyramidal blade activation was seen 113 following endogenous Fos labeling ( Supplementary Fig. 2F ), as well as using other IEG targets 114 (e.g., Arc: Supplementary The suprapyramidal blade preferentially exhibits displaced granule cells 121
As our activity-recruited cells were both enriched in the suprapyramidal blade and 122 exhibited cell bodies "displaced" into the ML (e.g., Fig. 1D ), we hypothesized that there was an 123 inherent blade-specific difference in displaced GCs. Consistent with this, in situ hybridization 124 (ISH) and immunohistochemical (IHC) labeling of GCs revealed that vast majority of displaced 125 tdTomato into the GC-selective Rbp4-cre line (Cembrowski et al., 2016b) at different time points 135 in utero. Labeled neurons following injections at e15 and e16 primarily exhibited properties of 136 the "displaced" GC population: such cells exhibited atypical morphologies, with cell bodies 137 bordering or within the molecular layers ( Fig. 2C ; cf. Fig. 1D ). In stark contrast to this, labeled 138 neurons following e17 injections were much more uniformly distributed across blades, and 139 exhibited much less cell-body displacement outside of the GCL (Fig. 2C,D) . In total, this 140 illustrated a developmental origin consistent with the blade-specific GC displacement in 141 maturity. 142 In mice that were exposed to a novel environment and activity tagged (as in Fig. 1A -D), 153
we performed whole-cell recordings from both tdTomato-negative and tdTomato-positive cells 154 in ex vivo brain slices ( Fig. 3A,B ). Recorded cells were filled with biocytin, allowing post hoc 155 morphological reconstruction and analysis. Notably, tdTomato-positive cells typically exhibited 156 differences in morphological and electrophysiological properties relative to tdTomato-negative 157 cells (e.g., dendritic span, Fig. 3C ; input resistance, Fig. 3D ; see Table S1 for full summary of 158 measured parameters and statistical tests). All of these features recapitulated previously 159 Note that a perfect one-to-one correspondence between activity-labeled cells and SLGCs 163 would not be expected: it is likely that some SLGCs are not recruited by novel environment 164 exploration, whereas some classical GCs are recruited by this exploration. To investigate this, we 165 performed a cluster analysis on our dataset. We found clusters largely agreed with activity 166 labeling, and in particular suggested that putative SLGCs represented ~80% of the recruited cells 167 (n=13/16 of tdTomato-expressing cells corresponded to one cluster: Fig. 3E ). 168 169 A distinct, discrete Penk-expressing subtype in the suprapyramidal blade 170
Motivated by activity labeling potentially having a subtype-specific basis, we next sought 171 to identify whether GC heterogeneity adhered to a continuum or reflected discretely separated 172 subclasses (Cembrowski and Menon, 2018) . To do this in a quantitatively rigorous fashion, we 173 analyzed a previously published single-cell RNA-seq (scRNA-seq) dataset that included 498 174 cells from the dentate gyrus (Habib et al., 2016) . Combining nonlinear t-SNE visualization with 175 graph-based clustering, we identified seven distinct DG cell classes ( Fig. 4A ). From these seven 176 classes, four expressed marker genes associated with DG GCs (e.g., excitatory cell marker 177 Within the GC dataset, a small and putatively rare Penk-expressing population was 179 discretely separated from a broader collection of Cck-expressing cells (Fig. 4E,F ). In addition to 180 differences in these peptidergic markers, these populations also varied by a host of other 181 functionally relevant genes, including those that regulate axon guidance and cell adhesion (Slit1, 182 Col6a1), G protein signaling (Rgs4), cytoskeletal properties (Nefm), calcium binding (Necab3), 183 and voltage-gated channels (Scn3b) ( Supplementary Fig. 3I ). Thus, it is likely that these two 184 putative subtypes would vary in a host of higher-order properties, consistent with our previous 
Penk-expressing granule cells are selectively recruited in behavior 202
Given the suprapyramidal blade enrichment and ML-displacement of Penk-expressing 203 GCs, we sought to investigate whether this subclass preferentially participated in hippocampal-204 associated behavior (Fig. 1) . As with previous behavioral experiments ( Fig. 1B) , cells were 205 permanently labeled in response to novel environment exposure ( Fig. 4J) , with animals later 206 sacrificed for smFISH subtype-specific identification. Remarkably, Penk-expressing cells 207 exhibited a much higher propensity to be incorporated into active ensembles (72 ± 13% of 208 activity-labeled cells exhibited Penk expression in six animals, mean ± SD, cf. 5.2 ± 4.0% 209 expected by chance, p = 1.1e-5, Fig Skaggs et al., 1996) . When the same neurons are studied across 231 environments, a small subset of granule cells accounts for most activity (Mizuseki and Buzsaki, 232 2013), with the mechanisms underlying this functional selectivity being unknown. Our findings 233 here suggest this can be accounted for by GC subtype-specific contributions: the Penk-234 expressing GC subtype identified here accounts for 5% of the total GC population but for ~70-235 80% of the recruited GCs (Figs. 3, 4 ). In total, this amounts to Penk-expressing GCs being 236 recruited at a frequency more than ten-fold predicted by prevalence alone, and comprising the 237 majority of all recruited GCs. 238
The properties of this subtype-privileged recruitment are consistent with multiple other 239 bodies of work. Recent correlative electrophysiology-morphology, combining juxtacellular 240 recordings with morphological reconstructions of GCs, revealed that active GCs exhibit more 241 complex dendritic arbors (Diamantaki et al., 2016 ) (see also Claiborne et al., 1990) . In a 242 complementary study using RNA-seq, Penk expression was found to be enriched in DG engram 243 cells (Rao-Ruiz et al., 2019). These findings agree with the activity-biased DG subtype 244 identified, which are characterized by morphologically complex dendritic arbors ( Fig. 3 
) and 245
Penk marker-gene expression ( Fig. 4) . In total, the subtype-specific organization uncovered here 246 helps to provide a provide a framework to interpret these previous recruitment results. 247
The finding that a relatively rare subtype of GC dominates DG activity, while consistent 248 with previous literature (Jung and McNaughton, 1993; Mizuseki and Buzsaki, 2013; Neunuebel 249 and Knierim, 2012; Skaggs et al., 1996) , is enigmatic. At first pass, this might suggest the overall 250 computational capabilities of the dentate gyrus are much more limited than a raw count of GC 251 would predict. However, such GC activity disparities may underscore a functional role: the 252 Penk-expressing granule cells identified here may be sufficient to convey rapid and coarse 253 features of the environment, whereas sparsely active classical granule cells may convey more 254 nuanced information (Buzsaki and Mizuseki, 2014) . In this way, the intrinsic architecture of the 255 DG may support multiscale operations that provide computational and behavioral flexibility. the blades of the DG. Our work here, revealing a preexisting GC subtype that is predisposed to 263 recruitment, provides evidence for a cell-intrinsic mechanism. That such blade-specific activity 264 is intrinsic, rather than reflecting long-range circuit inputs, is also in keeping with the lack of 265 projection differences between the blades (Scharfman, 2007; van Groen et al., 2003 ; but see 266 Wyss et al., 1979) . It is important to note that local microcircuitry contributions, such as local 267 excitatory IML recurrent connections from semilunar axon collaterals (Williams et al., 2007) Table S1 for full list of measured parameters and statistical tests. E. Two-321 parameter scatterplot of input resistance and dendritic span, illustrating separation that is 322 recapitulated by k-means clustering (green and magenta points, inset). were anesthetized with isofluorane and decapitated. The brain was extracted and transferred to 498 ice-cold dissection solution containing (in mM): 80 NaCl, 24 NaHCO3, 25 dextrose, 75 sucrose, 499 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 5 MgCl2, 1 ascorbic acid, 3 Na-pyruvate. The solution was 500 saturated with 95% O2 and 5% CO2. 300 µm thick coronal hippocampal slices were cut using a 501 vibratome (VT1200S Leica, Germany), then hemisected and placed in artificial cerebral spinal 502 fluid (ACSF) containing (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 2.4 CaCl2, 1.2 NaH2PO4, 11.4 503 glucose, 21.4 NaHCO3, 1 ascorbic acid, and 3 Na-pyruvate saturated with 95%O2 and 5% 504 CO2 (pH 7.4) and maintained at 32°C. Slices were placed in a submersion-type recording 505 chamber perfused with ACSF at 32°C. Slices were visualized on an upright microscope 506 (BX61WI; Olympus, Tokyo, Japan) equipped with infrared-differential interference contrast 507 optics. The recording pipettes (4-9 MΩ resistance) were filled with internal solution containing 508 (in mM): 130 K-gluconate, 10 KCl, 10 Na2-phosphocreatin, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 509 and 0.2% biocytin (pH 7.2, osmolarity 295). Current-clamp experiments in brain slices were 510 performed with whole-cell patch-clamp recordings using a Multiclamp 700B amplifier 511 (Molecular Devices, San Jose, CA). Electrophysiological data were low-pass-filtered with a cut-512 off frequency of 10 kHz and digitized at 20 kHz via a USB-6343 board (National Instruments, 513
Austin, TX) under the control of WaveSurfer software (https://www.janelia.org/open-514 science/wavesurfer). Bridge balance and capacitance compensation were performed at the 515 beginning of recordings. After current-clamp recording, cells were kept in whole-cell mode for 516 30 minutes to allow sufficient biocytin filling of the cell, slices were then fixed in 4% PFA and 517 recorded cells were subsequently detected with an Alexa Fluor 488/streptavidin reaction. 518
Analysis was performed in Matlab (MathWorks, Natick, MA) with custom scripts. 519 Action potential (AP) amplitude and threshold were calculated as the smallest current in protocol 520 that induced APs (typically 100 -200 pA). AP was defined as the different in voltage between 521 peak of AP and the resting potential. Adaptation ratio was defined as the interspike interval (ISI) 522 between the first two APs, divided by ISI between the last two APs, within a 2-second 200 pA 523 current injection. Afterhyperpolarization (AHP) was calculated as the difference between the AP 524 trough and the threshold of the AP at 200 pA current injection. Dendritic span was measured as 525 the distance between the two outermost dendrites at 50 µm above the initial bifurcation of 526 primary dendrite, or center of soma if there are multiple primary dendrites in ImageJ (Schindelin 527 et al., 2012) . Clustering analysis based on dendritic span and input resistance was done using the 528 k-means clustering algorithm in Matlab. The average percentage of tdTomato positive cells that 529 belongs to a single cluster is 81.3% (averaged value of 1000 calculations using different random 530 number seeds). To verify the robustness of clustering based on dendritic span and input 531 resistance, we performed k-mean clustering for all cells with all electrophysiological properties 532 measurements. The average percentage of tdTomato positive cells that belongs to a single cluster 533 is 94.7% (1000 simulations). 534 (Habib et al., 2016) , with cells annotated as taken from the dentate gyrus used for the analysis 540 here (i.e., those tagged as "DG" from the DATA_MATRIX_LOG_TPM.txt data file). Data were 541 transformed from log to linear space and loaded via Setup(min.cells=3, min.genes=200, 542 do.logNormalize=T, total.expr=10000). Subsequent analysis proceeded via default parameters 543 used in the Seurat package. Graph-based clustering was performed on using dimensionally 544 reduced data via principal component analysis, and differential expression between subtypes was 545 assayed via non-parametric Wilcoxon rank sum test. When plotting gene expression in tSNE 546 plots, color ranges from white (zero expression) to red (maximal expression), plotted 547 logarithmically. All analysis scripts will be available upon acceptance or reviewer request. 548 549
Fluorescence Imaging 550
Images were acquired with a confocal microscope (LSM 880, Carl Zeiss Microscopy, 551 Jena, Germany) using a 20x or 40x objective. Some images were postprocessed in Fiji, including 552 brightness adjustments applied to the entire image, as well as pseudocoloring to facilitate visual 553 comparisons across channels. 554 555
